We report on the experimental observation of two-dimensional solitons located in defect channels at the surface of a hexagonal waveguide array. The threshold power for the excitation of solitons existing owing to total internal reflection grows with decrease of the refractive index in negative defects and vanishes for sufficiently strong positive defects. Negative defects can also support linear surface modes existing owing to Bragg-type reflections. © 2009 Optical Society of America OCIS codes: 190.0190, 190.6135. Discrete solitons [1, 2] may emerge at interfaces of materials yielding different physical properties.
Discrete solitons [1, 2] may emerge at interfaces of materials yielding different physical properties. When they form at the interface of uniform and periodic nonlinear media [3, 4] they combine the characteristics of surface states at uniform interfaces and the unique properties of lattice solitons arising from the periodicity of underlying medium. Surface solitons may exist at defocusing lattice interfaces [5] [6] [7] . Recently the properties of two-dimensional surface solitons were analyzed theoretically [8] [9] [10] [11] [12] [13] and experimentally [14] [15] [16] . In all these settings surface solitons were realized at the edge of perfectly periodic lattices. However, the addition of defects may substantially modify the guiding properties [17] . Lattices with defects allow for linear localized states existing owing to total internal or Bragg-type reflection [18] . When placed at the edge of a one-dimensional lattice, the defects strongly alter the properties of surface solitons [19, 20] . Nevertheless, in two-dimensional structures the formation of nonlinear defect surface states and the generation of thresholdless surface waves were not observed.
In this Letter we show the existence of different types of two-dimensional defect surface solitons in hexagonal waveguide arrays, relying on different guiding mechanisms, and report on their experimental observation. We show that the threshold power and the excitation dynamics for surface solitons strongly depend on the type and strength of the surface defect.
In the simulations we employ the nonlinear Schrödinger equation for the dimensionless field amplitude q:
Here is the longitudinal and , are the transverse Negative defects ͑p d Ͻ 2.8͒ may support a second type of surface modes mediated by Bragg-type reflection from the periodic structure. The field of such modes exhibits a complicated staggered structure [ Fig. 1(d) ]. Nonlinear surface modes supported by negative defects bifurcate from such linear surface modes; hence their power vanishes in the cutoff [ Fig.  2(d)] . Therefore, such states can be excited with very small powers. This is in sharp contrast to defect surface solitons mediated by total internal reflection, which feature considerable thresholds at such small p d values. The degree of localization of staggered surface modes increases, and their narrow domain of existence expands with decreasing p d .
For the experimental observation of defect surface solitons we used waveguide arrays in fused silica glass fabricated with a femtosecond direct writing technique [21] . The length of our samples was 105 mm, while the spacing of the guides was 40 m. The writing velocity was 1750 m / s to keep the uniform nonlinear refractive index of the unprocessed material in the waveguides [22] . The defect sites were written with 1500 and 2000 m / s for a positive defect and negative defect, respectively. For the excitation of the solitons, we used a 1 kHz fs laser system (Spectra Tsunami/Spitfire) with a pulse length of about 180 fs at a central wavelength of 800 nm. To confirm the experimental data by simulations, we solved Eq. (1) with the input conditions ͉q͉ =0
are the coordinates of the center of the defect surface waveguide. Note that our experiments are conducted with pulsed pump light, while the numerical simulations assume cw illumination; thus the comparison serves only to confirm the consistency of observations with soliton formation around the pulse peak. In the array without defect (Fig. 3 ) the formation of nonlinear surface waves is similar to that in recent experiments [23] . At low powers one observes strong linear diffraction [ Fig. 3(a) ]. For intermediate power levels, the light gradually contracts toward the excited surface channel [ Fig. 3(b) ]. The formation of surface soliton is observed above the threshold power [ Fig. 3(c) ]. The picture changes dramatically in the case of a positive surface defect. Stronger defects re- The circle corresponds to profile from Fig. 1(d) . sult in a gradual suppression of light diffraction even at low powers and, eventually, in the formation of a linear surface mode. This is accompanied by a strong reduction of the power threshold for soliton excitation. Thus an array with a strong positive defect ͑p d = 3.03͒ supports a well-localized linear mode shown in Fig. 4(a) . At all power levels the light remains confined to the surface defect waveguide. An increase of the input power does not result in considerable changes of the mode profiles [see Figs. 4(b) and 4(c)].
We also observed light localization at low powers in the case of a negative surface defect for p d = 2.7 [ Fig.  4(d) ], a result that we attribute to the existence of linear defect caused by Bragg-type reflection from the periodic structure. Notice that in the absence of defects surface modes, soliton excitation always occurs above a threshold power, for both total internal or Bragg reflection mechanisms of localization. Increasing the input power results in a matching of the total refractive index in the defect waveguide and in the array, which is accompanied by a sudden delocalization at intermediate power levels [Fig. 4(e) ]. When the input power is further increased one excites the usual surface soliton existing owing to total internal reflection [ Fig. 4(f) ]. The threshold power for the excitation of such solitons is much higher than in the case of defect-free arrays or positive surface defects.
In conclusion, we reported on the existence of twodimensional defect surface solitons for both positive and negative defects. The inclusion of positive defects allows for the formation of surface solitons existing owing to total internal reflection at a reduced threshold power. Negative defects may support surface states mediated by both total internal reflection and Bragg-type reflection from the periodic structure.
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